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Synthesis and Structural Characterization of Transition Metal 
Dithiolene Derivatives Containing Divalent Metals as Counter-
Cations  
Oscar Castillo,a Esther Delgado,*,b Diego Hernández,b Elisa Hernández,b Avelino Martín,c and Félix Zamora*,b, d

Direct reactions between HSC6H2Cl2SH, FeCl3·6H2O and divalent metal bases lead to the formation of the cation-anion metal-dithiolene complexes 
[Ca(H2O)3(OCMe2)4][Fe2(SC6H2Cl2S)4]·3OCMe2 and [Zn(DMF)6][Fe2(SC6H2Cl2S)4], as well as the molecular compound [Ba(OCMe2)6][Fe2(SC6H2Cl2S)4], instead 
of metal-dithiolene coordination polymers as compared with results previously obtained when alkali metals, under similar conditions, were used. An 
alternative synthetic route based on the reactions between K2[Fe2(SC6H2Cl2S)4]  and ZnCl2·6H2O or NiCl2·6H2O was also evaluated, giving rise to the ion-pair 
compounds [Fe(H2O)2(THF)4][Ni(SC6H2Cl2S)2]2·4THF and [Fe(H2O)4(THF)2][Fe2(SC6H2Cl2S)4]·4THF and the coordination polymer {[K2(THF)8][Zn6(µ-
Cl)2(SC6H2Cl2S)4(µ-κO:κO′-SC6H2Cl(ClO2)S)2]}n. It is interesting to remark that in the last compound the oxidation of one Cl substituent of a dithiolene 
ligand yielded the formation of a Cl(O)2 group.

Introduction 
For a long time, coordination chemistry of transition metals 
bearing dithiolene ligands is a research field of high interest 
because of the potential interesting electronic properties, such 
as magnetism and/or electrical conductivity, that these 
compounds can show, as well as the wide structural diversity 
showed by them.1-15 However, most of the studies have been 
focused on mononuclear compounds. Recently, we have 
reported a series of coordination polymers containing the 
dianionic entities [Fe2(SC6H2R2S)4]2- (R = Cl, H) and [M2(µ-L)n]2+

(M = alkali metal) as counter-cations.16, 17 
Taking into account these results we have considered of 
interest to study the possibility to form coordination polymers 
(CPs) containing cationic divalent metals instead, in order to 
evaluate their structural effects on the coordination metal-
dithiolene network rearrangement. Here we report on the 
reactions carried out between HSC6H2Cl2SH, FeCl3·6H2O and 
divalent metal bases which lead to the formation of cation-
anion metal complexes,
[Ca(H2O)3(OCMe2)4][Fe2(SC6H2Cl2S)4]·3OCMe2 1, 

[Ba(OCMe2)6][Fe2(SC6H2Cl2S)4] 2, and
{Zn(DMF)6[Fe2(SC6H2Cl2S)4]} 3, instead of the CPs formed in the
analogous reactions using alkali metals instead.16, 17

Scheme 1. Electrostatic interactions taking place between an anionic 1D 
polymeric chain and monovalent (a) versus divalent cationic entities to 
counterbalance the charge (b).
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Scheme 2. Summary of reactions to obtain compounds 1-3. 

Additionally, the reactions carried out between 
K2[Fe2(SC6H2Cl2S)4] and ZnCl2·6H2O or NiCl2·6H2O give rise to 
the new compounds [Fe(H2O)4(THF)2][Fe2(SC6H2Cl2S)4]·4THF 4, 
{[K2(THF)8][Zn6(µ-Cl)2(SC6H2Cl2S)4(µ-κO:κO′-SC6H2Cl(ClO2)S)2]}n 
5 and [Fe(H2O)2(THF)4][Ni(SC6H2Cl2S)2]2·4THF 6. 

Results and discussion 
We have previously observed the formation of 1D CPs with 
different architectures based on the assemble of dianionic 
entities [Fe2(SC6H2R2S)4]2- (R = Cl, H) and cationic moieties 
[M2(µ-L)n]2+ (M = group 1 metal) depending upon the size of 
the alkali metal, as well as the crystallization conditions (i.e. 
different organic solvents, presence/absence of water).16, 17 In 
all of these CPs the positive charge density of the alkali 
complexes must match that of the [Fe2(SC6H2R2S)4]2- (R = Cl, H) 
anionic complexes and electron repulsive forces are present in 
the two monovalent cations of the entity [M2(µ-L)n]2+  (Scheme 
1a). 
We have now tried to evaluate whether the use of divalent 
cation complexes as counter cations instead, could favor the 
formation of different coordination polymers, as they do not 
show these electron repulsive forces (Scheme 1b). 
Initially, we carried out the reaction between FeCl3·6H2O with 
the dithiolene HSC6H2Cl2SH in the presence of CaO as 
deprotonating agent (Scheme 2). Diffraction studies carried 
out on crystals obtained in this reaction confirmed the 
formation of compound 
[Ca(H2O)3(OCMe2)4][Fe2(SC6H2Cl2S)4]·3OCMe2 1. The structure 
of 1 consists of an ion-pair molecule formed by the dianionic 
entity [Fe2(SC6H2Cl2S)4]2- and a cationic Ca(II) complex. 

Fig. 1. ORTEP diagram of the molecular unit of compound 1. Hydrogen atoms have 
been omitted for clarity. Thermal ellipsoids are drawn at 50 % probability. 

The structure of compound 1 shows two independent 
Fe(SC6H2Cl2S)2 moieties, which are related with the other half 
of the dianionic unit by a center of symmetry. Fig. 1 shows the 
cationic fragment together with the Fe(1) independent iron 
dianionic moiety. 
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Table 1. Ranges for selected bond distances (Å) found for compounds 1-7. 

Compound C=C C-S M-S M’-S M’-O 

1 
1.406(9)-
1.426(9) 

1.761(6)-
1.777(6) 

2.223(2)-
2.510(2) 

2.356(5)-
2.452(5) 

2 
1.411(1)-
1.437(1) 

1.744(1)-
1.770(1) 

2.221(3)- 
2.508(3) 

3.511(3)-
3.359(3) 

2.603(8)-
2.797(9) 

3 
1.396(6) 
1.400(6) 

1.750(4)-
1.758(4) 

2.211(1)- 
2.497(1) 

2.028(3)-
2.126(3) 

4 
1.392(9)-
1.412(1) 

1.749(7)-
1.761(6) 

2.216(2)-
2.493(2) 

2.192(5)-
2.208(4) 

5  
1.392(9)-
1.41(1) 

1.710(7)-
1.784(6) 

2.322(2)-
2.375(2) 

2.682(7)-
2.856(5) 

6 
1.403(4)-
1.404(5) 

1.732(3)-
1.738(3) 

2.143(1)-
2.148(1) 

2.026(3)-
2.215(2)

7 
1.388(4)-
1.394(3) 

1.756(2)-
1.769(2) 

2.225(1)-
2.456(1) 

3.251(1)-
3.661(1) 

2.728(2)-
2.746(2) 

The dianionic unit [Fe2(SC6H2Cl2S)4]2- displays the same 
geometry as that previously found in related compounds 
where each iron atom shows the expected 4 + 1 square-
pyramidal geometry.16, 17 The Fe-S, S-C and C-C distances 
(Table 1) are also in the range reported for analogous 
derivatives.16-23 On the other hand, the Ca(II) atom is 
heptacoordinated by four acetone and three H2O molecules 
yielding to a distorted pentagonal bipyramidal geometry, with 
an O(1)-Ca(1)-O(4) angle of 169.4(2)° between the apical 
positions, and a range of 72.3(2)°-76.1(2)° for the angles 
between the equatorial ligands. The Ca-O distances (Table 1) 
agree with those reported for similar Ca-OH2O bonds24-32 and 
Ca-Oacetone,32-34 respectively. 
Network of 1 shows a weak type-I halogen bonding interaction 
(Fig. 2a) with Cl(6)···Cl(7) of 3.3735(6) Å, 0.13 Å shorter than 
the sum of the van der Waals radii, with angles C(17)-Cl(6)-
Cl(7) 163.72(1)° and C(20)-Cl(7)-Cl(6) 164.33(1)° (Cl(6) and Cl(7) 
belong to the Fe(2) dianionic unit).35,36 Additionally, weak O-
H···O, O-H···Cl, and O-H···S interactions contribute to build the 
supramolecular 2D network shown in Fig. 2b (SI for additional 
data). 
To our knowledge, compounds [Ca(12-crown-4)2][Ni(dmit)2]2 
(dmit = (2-thioxo-1,3-dithiole-4,5-dithiolate), [Ca(15-crown-
5)2][Ni(dmit)2]2(CH3CN)0.7, [Ca(A18-crown-
6)][Ni(dmit)2]2(CH3CN)2] and [Ca(DA18-crown-
6)[Ni(dmit)2]2(CH3CN)2] are the only examples reported37 so far 
on bis-dithiolene transition metal derivatives containing Ca(II) 
complexes as counter cations. 

Fig. 2. a) Partial view along (623) of the supramolecular network generated by 
compound 1. b) Detail of the O-H···O, O-H···Cl, and O-H···S interactions. Aromatic 
hydrogen atoms have been omitted for clarity. 

A similar reaction but using Ba(OH)2·8H2O as deprotonating 
agent instead, gave rise the neutral trinuclear compound 
[Ba(OCMe2)6][Fe2(SC6H2Cl2S)4] 2 (Fig. 3). The structure of 
compound 2 consists of a heterotrinuclear coordination 
compound where [Ba(OCMe2)6]2+ is connected to the 
[Fe2(SC6H2Cl2S)4]2- moiety by coordination to the two sulfur 
atoms of two dithiolene ligands. 

Fig. 3. ORTEP diagram of the molecular unit of compound 2. Hydrogen atoms have 
been omitted for clarity. Thermal ellipsoids are drawn at 50 % probability. 

The barium atom exhibits a bicapped trigonal prism geometry 
[being O(3) and O(5) the donor atoms of the capping 
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acetones], with similar Ba-S distances to those found in 
complexes with the same coordination environment.38 The Ba-
Oacetone distances [2.603(8)-2.797(9) Å] are in the range found 
for compounds containing this type of bond.38-42 As expected, 
the iron dimer presents similar Fe-S, S-C and C-C distances to 
those found for compound 1 (Table 1). Finally, no significant 
interactions have been found in the crystal packing of 2 (Fig. 
S). 

 
Fig. 4. ORTEP diagram of the molecular unit of compound 3. Hydrogen atoms have 
been omitted for clarity. Thermal ellipsoids are drawn at 50 % probability. 

In order to evaluate the role of another divalent cation such as 
Zn(II) we tried the direct reaction between FeCl3·6H2O with 
HSC6H2Cl2SH and Zn(OH)2 as deprotonating agent yielded 
compound [Zn(DMF)6][Fe2(SC6H2Cl2S)4] 3. 
The crystal structure of 3 (Fig. 4) reveals the formation of an 
ion-pair compound similar to that found for 1. As it can be 
seen in Table 1, geometrical parameters found for the 
dianionic entity [Fe2(SC6H2Cl2S)4]2- are similar to those 
mentioned for compounds 1 and 2 while in the cationic unit 
[Zn(DMF)6]2+, the Zn(II) is coordinated to six DMF ligands 
yielding to an octahedral geometry. The crystal packing of 3 
(Fig. S23) does not show any significant supramolecular 
interactions. We have found that compounds 
{Zn[Ni(pedt)2]2(DMF)2}n (pedt = 1-(pyridine-4-yl)ethylene-1,2-
dithiolate).43 [Zn(C2H8N2)3][Ni(C4N2S2)2]44 and 
[Zn(C2H8N2)3][Cu(C4N2S2)2]45 are the only compounds of 
dithiolene derivatives of transition metals where a Zn(II) cation 
complex neutralize the negative charge. From all of them, only 
compound {Zn[Ni(pedt)2]2(DMF)2}n

43 is a CP. 
In contrast with the behavior previously observed for the 
alkaline metals which led to CP formation,17 the reaction under 
similar conditions using divalent cations (Scheme 2), i.e. Ca2+, 
Ba2+ or Zn2+, failed. This prompted us to try a different strategy 
to isolated CPs. Thus, we have evaluated the possibility to 
exchange the two potassium atoms in compound 
K2[Fe2(SC6H2Cl2S)4] by divalent cations such as Zn2+or Ni2+ 
(Scheme 3). 
Consequently, a mixture of a THF solution of compound 
K2[Fe2(SC6H2Cl2S)4] and ZnCl2·6H2O in EtOH/H2O was stirred for 

1.5 days. The solid residue obtained from this reaction 
crystallized in THF/n-Heptane yielded several crystals of 
different color and shape corresponding to the starting 
material K2[Fe2(SC6H2Cl2S)4], the known salt K2[ZnCl4], and 
crystals in traces amount of the new compounds 
[Fe(H2O)4(THF)2][Fe2(SC6H2Cl2S)4]·4THF 4 and {[K2(THF)8][Zn6(µ-
Cl)2(SC6H2Cl2S)4(µ-κO:κO′-SC6H2Cl(ClO2)S)2]}n 5. Therefore, 
confirming that a partial transfer reaction of the dithiolene 
groups accomplished by a ligand oxidization at the dithiolene 
takes place (Scheme 3). 
The presence of only iron atoms in the molecule of 4 was 
determined by TXRF analysis. As it can be seen in Fig. 5, as a 
consequence of the substitution of the two potassium atoms 
in the starting material by an iron atom. In the cationic 
fragment the iron atom is coordinated to four oxygen atoms of 
H2O molecules and two from the THF ligands yielding to a 
distorted octahedral geometry; bond distances and angles (see 
range Table 1) are similar to those found for cation in 
[Fe(H2O)2(THF)4][Cd8{Fe(CO)4}4Cl9(THF)6]2.46 
On the other hand, geometrical parameters found for the 
dianionic moiety [Fe2(SC6H2Cl2S)4]2- are very similar to those 
obtained for complexes 1-3 and other already reported for 
related compounds.16, 17, 47 The crystal packing of 4 does not 
present significant interactions (Fig. S4). 
The crystal structure of compound 5 consists of a 1D-CP (Fig. 
6a, S5) where two cationic [K(THF)4]+ entities connected to the 
hexanuclear anionic complex [Zn6(µ-Cl)2(SC6H2Cl2S)4(µ-κO:κO′-
SC6H2Cl(ClO2)S)2]2- via both two chloride ligands and two 
oxygen atoms of the [SC6H2Cl(ClO2)S] ligands. The cationic 
[K(THF)4]+ moieties show both potassium atoms linked to four 
oxygen atoms of the THF terminal ligands, and three bridging 
ligands, one oxygen atom from the [SC6H2Cl(ClO2)S] unit and 
two chloride atoms, therefore giving rise to a highly distorted 
pentagonal bipyramid coordination environment (Fig. 6b). 

 
Fig. 5. ORTEP diagram of the molecular unit of compound 4. Hydrogen atoms and 
solvent molecules have been omitted for clarity. Thermal ellipsoids are drawn at 50 % 
probability. 

The O(1) and O(2) atoms are located in the axial positions 
[170.1(3)°], while the basal coordination sites are occupied by 
O(3), O(4), O(6) and two chlorine Cl(7) (S = 362.3°). 
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Scheme 3. Summary of reactions to obtain compounds 4-6. 

 
The two chlorine atoms are acting as triple bridging ligands 
connecting the two potassium centers and the metal entities. 
O(1) and O(2) atoms are located in the axial positions 
[170.1(3)°], while the basal coordination sites are occupied by 
O(3), O(4), O(6) and two chlorine Cl(7) (S = 362.3°). The two 
chlorine atoms are acting as triple bridging ligands connecting 
the two potassium centers and the metal entities. 

 
Fig. 6. a) Partial view of the crystal packing found for compound 5 along (44-1). (b) 
Simplified view of the cationic entities. (c) [Zn6(µ-Cl)2(SC6H2Cl2S)4(µ-κO:κO′-
SC6H2Cl(ClO2)S)2]2- linked to the cationic fragments showing an ORTEP drawing of the 
structural Zn3S3 hexagonal and the Zn4S4 octagonal rings. Hydrogen atoms have been 
omitted for clarity. Thermal ellipsoids are drawn at 50 % probability. 

The magnetic behaviour of all the previous compounds is 
expected to be dominated by the antiferromagnetic 
intradimmer interaction typical of all other known Fe(III) bis-
dithiolate dimeric complexes containing a Fe2S2 core. 
The magnetic susceptibility data of compounds 1-3 shows a 
similar trend with a continuous decrease of the χMT value upon 

cooling down from room temperature (Fig. 7). In compound 1, 
the presence of paramagnetic impurities becomes evident as 
χMT product reaches a small plateau between 40-60 K. These 
paramagnetic impurities are probably isolated [Fe(dithio)2]- 
entities or metal vacancies on the iron dimeric entities. Finally, 
a further decrease is observed at temperatures below 30 K due 
to the presence of supramolecular interactions. Depending on 
the amount of these paramagnetic impurities a maximum on 
the susceptibility curve can be observed (compound 3) or not. 
Almost all Fe(III) bis-dithiolate complexes studied in detail 
present an intermediate spin S= 3/2 configuration.16,48-50There 
is only one example of a low spin S=1/2 configuration.51 
Therefore, the data were successfully fitted to an expression 
that considers the presence of paramagnetic impurities, a 
temperature independent term, A, and a contribution of 
antiferromagnetically coupled S = 3/2 dimers (Eq. 1).52 
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Fig. 7. Thermal variation of the χMT product per [Fe2(SC6H2Cl2S)4]2- dimer. The solid line 
corresponds to the best fit. Compounds: 1 (black circles), 2 (blue squares) and 3 (red 
triangles). 

Here N is the Avogadro´s number, g the Landé factor, µB the 
Bohr magneton and J the intradimer antiferromagnetic 
coupling parameter (Hamiltonian). Table 2 provides the results 
of the fit of the experimental data. The obtained values for 
compounds 1 and 3 agree with the values usually reported for 
these kind of compounds.48-50 The value calculated for 
compound 2 differ significantly from the others probably due 
to the structural distortions that the coordination of barium 
counterion to the sulfur atoms of the dithiolate generates, but 
the high amount of paramagnetic impurities present in the 
sample makes the obtained exchange parameter not to be 
very reliable. On the other hand, the small amount of 
compound 4 obtained in the reaction does not allow magnetic 
studies to be carried on it. 

Table 2. Magnetic properties of compounds 1-3. 

compound S g J (cm-1) c (%)a 
1 3/2 1.99 -160 7.7 
2 3/2 1.97 -117 13.0 
3 3/2 1.99 -161 5.2 

aParamagnetic isolated Fe(III) impurity with intermediate S=3/2 spin 
configuration. 

On the other hand, the hexanuclear zinc entity can be defined 
as two Zn3S3 hexagonal chair-like ring structures connected via 
two sulfur atoms of two different (SC6H2Cl2S) ligands giving rise 
to an octagonal Zn4S4 ring. Although connectivity between 
Zn3S3 rings can be found in other reported 
molecules/polymers53-57 most of them show an adamantane-
like structure, only the complex reported by Yamada53 show 
the same structural disposition present in compound 5 
although the Zn3S3 moieties show a boat conformation. 
In compound 5 (Fig.6c), the three zinc atoms of the Zn3S3 
moieties display a tetrahedral geometry where Zn(3) fills the 
four coordination sites with two chelate (SC6H2Cl2S) ligands 
perpendicularly situated (89.1°), while Zn(1) and Zn(2) 

environments show two and three sulfur atoms, belonging to 
different dithiolene units, together with Cl(7) in the case of 
Zn(1), and both are strongly tight by a bridging chlorite ligand 
from a recently formed [SC6H2Cl(ClO2)S] moiety (Fig. S6). No 
significant interactions have been found in the crystal packing 
of 5 (Fig. S7). 

 
Fig. 8. (a) ORTEP diagram of the molecular unit of compound 6, hydrogen atoms have 
been omitted for clarity. Thermal ellipsoids are drawn at 50 % probability. (b) Crystal 
packing found for compound 6 along (010), together with (c) C-H···S and C-Cl···Cl-C 
weak interactions between [Ni(SC6H2Cl2S)2]- anionic units and (d) C-H···O, C-H···Cl and C-
H···S connectivity shown by the [Fe(OH2)2(OC4H8)4]2+ moiety with four THF 
crystallization molecules and the anionic fragments. 

Taking into account that the formation of two Cl-O bonds, in 
one of the Cl substituents in the aromatic ring of the 
dithiolene, is observed in compound 5, we have considered 
interesting to evaluate the behavior of ZnCl2·6H2O in a similar 
reaction with K2[Fe2(SC6H4S)4] as starting material, due to the 
absence of the donor chlorine substituent in this compound. 
But unfortunately, we were not able to obtain suitable crystals 
for X-ray diffraction studies, by crystallization of the residue 
obtained in this reaction. 
Additionally, the reaction carried out with NiCl2.6H2O produce 
a complete metathesis reaction with the formation of 
compound 6 (Scheme 3). This compound is made by two 
anionic [Ni(SC6H2Cl2S)2]− moieties instead of the dianionic 
[Fe2(SC6H2Cl2S)4]2− found in compound 4 and a cationic 
[Fe(OH2)2(OC4H8)4]2+ moiety. The Fe(II) monomeric entity 
present in compounds 4 and 6 (Fig. 5 and 8a) are similar but 
curiously with the opposite ratio of number of ligands 
THF/H2O. Thus, the iron atom in compound 6, the iron atom is 
coordinated to two oxygen atoms of H2O molecules and four 
from the THF ligands, leading to six Fe-O practically identical 
bond distances (see range in Table 1). The TXRF analysis 
confirmed a Fe:Ni ratio of 1:2 and temperature variable 
susceptibility measurements (Fig. 9) confirm the presence of 
Fe(II) and Ni(III) metal centers. 
The room temperature χMT per formula is 4.045 cm-3 mol-1 
which is quite close to the expected value for 1 Fe2+ (S= 2) and 
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(b)

(c) (d)



 

 

2 Ni3+ (S= 1/2) isolated metal centres which would be 3.75 cm-3 
mol-1 (assuming g = 2.00). The χMT product smoothly decrease 
upon cooling below 150 K to achieve a 1.156 cm-3 mol-1 value 
at 2 K. It could be due to the presence of some significant 
supramolecular antiferromagnetic interactions or due to zero-
field splitting of the S=2 spin state of Fe(II). 

 
Fig. 9. Thermal variation of the χMT product per formula in compound 6. 

Respect to the crystal packing (Fig. 8), the C(3)-H(3)···S(4) weak 
interactions between both anionic moieties in 6 are 
responsible for the construction of the chains (vertical chains 
in Fig. 8c). On the other hand, to understand the overall 3D 
network (Fig. 8b) is necessary to consider the existence of 
type-I Cl(1)···Cl(4) halogen bonding interactions35, 36 of 3.366(2) 
Å, (0.14 Å shorter than the sum of the van der Waals radii) and 
angles of C(2)-Cl(1)-Cl(4) 145.9(1)° and C(11)-Cl(4)-Cl(1) 
149.3(2)° (Fig. 8c), together with C-H···Cl, C-H···S and O-H···O 
interactions where some atoms of the [Fe(OH2)2(OC4H8)4]2+ 
unit are involved (Fig. 8d; additional geometrical data in ESI). 
Finally, we have decided to evaluate how a change in the 
crystallization conditions of the starting material 
K2[Fe2(SC6H4S)4] could afford a different CP that the one 
obtained previously by us using THF/n-Heptane at room 
temperature.17 Thus, when the crystallization was carried out 
in EtOH/H2O at 5 0C the new 2D coordination polymer {[K2(µ-
O(H)CH2Me)2][Fe2(SC6H4S)4]}n 7 (Fig. 10) was obtained instead 
the 1D CP{[K2(OC4H8)4][Fe2(SC6H4S)4]}n.17 

 

Fig. 10. ORTEP diagram of the molecular unit and crystal packing of compound 7, view 
along (001). Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are 
drawn at 50 % probability. 

As depicted in Fig. 10, the [Fe2(SC6H4S)4]2− entities are held 
together through potassium cations coordinated to the sulfur 
atoms of the dithiolene ligands. The dinuclear iron fragments 
show a close resemblance to that described for compound 
{[K2(μ-H2O)2(THF)2][Fe2(SC6H4S)4]}n.17 The iron atoms exhibit an 
elongated square pyramid geometry with apical Fe−S distances 
[2.456(1) Å] longer than those of the equatorial plane 
[2.224(1)-2.239(1) Å]. Additionally, the potassium cations show 
a mono capped distorted octahedral coordination geometry 
(Fig. 8) that involves five sulfur atoms from the three closest 
[Fe2(SC6H4S)4]2− entities and two ethanol ligands. In this sense, 
S(3) and S(2) occupy the axial positions (bond angle S(2)-K(1)-
S(3 )= 172.34(3)°), while two O(1), S(1), and S(4) fill the 
equatorial sites [angles in the range 55.09(2)-116.07(5)°, S= 
357.6°], and a second S(4) is capping the face constituted by 
S(3), S(1) and other S(4). 

Experimental 
All the reagents and solvents are commercially available and 
were used as received without further purification. Syntheses 
of compounds 1-7 were carried out under argon atmosphere 
using degassed solvents. Elemental analyses were performed 
on an LECO CHNS-932 Elemental Analyzer. TXRF measures 
were performed on a Bruker S2 PicoFox Spectrometer. 
Crystal structure determination of complexes 1-7. Single 
crystals of compounds 1-7 were coated with mineral oil and 
mounted on Mitegen MicroMounts with the aid of a 
microscope and immediately placed in the low temperature 
nitrogen stream of the diffractometer. The intensity data sets 
were collected at 200 K on a Bruker-Nonius KappaCCD 
diffractometer equipped with an Oxford Cryostream 700 unit 
1-3 or a Bruker D8 KAPPA series II with the APEX II area-
detector system 4-7, both equipped with graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å). Most 
crystals of complexes 1-7 diffract weakly and data collections 
could only be performed up to q ≈25°, except compound f 3 
(27.5°) or the weakest 4 (24.1°). WINGX58 1-3 or Bruker 
SHELXTL59 (4-7 software packages were used for space group 
determination, structure solution, and refinement. Structures 
were solved by direct methods (SHELXS-97 for 1, 2, and 4-7; 
SHELXS-2013 for 3)60 and refined by least-squares against F2 
(SHELXL-2017 for 1-3, and 4-7; SHELXL-97 for 6).61 All the 
hydrogen atoms were positioned geometrically and refined by 
using a riding model, except those of the water molecules in 
compounds 1 and 6, and H10 of the ethanol molecule in 
complex 7, that were located in the Fourier difference map 
and refined isotropically. On the other hand, water hydrogen 
atoms in complex 4 could not be found in the Fourier 
difference map. All the non-hydrogen atoms were refined 
anisotropically. EADP restraints were applied to C=O groups in 
the acetone molecules linked to Ba1 in compound 2. On the 
other hand, complex 3 crystallized with several N,N-

(a) (b)



 

 

dimethylformamide disordered solvent molecules, 
unfortunately it was not possible to obtain a sensible chemical 
model and Squeeze62 procedure was applied to remove their 
contribution to the structure factors. 
Crystallographic data for compounds 1-7 are summarized in 
Table S1 (CCDC 1834784 (1), 1834781 (2), 1834783 (3), 
1834785 (4), 1834789 (5), 1834786 (6), 1834788 (7)). 
Magnetic measurements of compounds 1-3 and 6. They were 
performed on polycrystalline samples taken from the same 
uniform batch used for the structural determination with a 
Quantum Design SQUID susceptometer covering the 
temperature range 2–300 K at a magnetic field of 1 kOe. 
Synthesis of compound [Ca(H2O)3(OCMe2)4][Fe2(SC6H2Cl2S)4]·3 
OCMe2 1. A mixture of HSC6H2Cl2SH (157 mg, 0.74 mmol) and 
10 ml of an aqueous suspension of CaO (5 wt%) was stirred for 
15 min. Then, a solution of FeCl3·6H2O (100 mg, 0.37 mmol) in 
10 mL of EtOH/H2O (1/1) was slowly added and stirred for 30 
min. The solid was filtered-off, washed with H2O and n-
Heptane. Further crystallization from acetone/n-hexane (1/1) 
yielded to suitable crystals (90 mg, 24.6 % yield) for X-ray 
diffraction studies of compound 
[Ca(H2O)3(OCMe2)4][Fe2(SC6H2Cl2S)4]·3 OCMe2 1. Anal. Calcd. 
(Found) for C42H50CaCl8Fe2O9S8 (1-OCMe2): C, 36.27 (36.51); H, 
3.62 (3.36); S, 18.44 (17.74). 
Synthesis of compound [Ba(OCMe2)6][Fe2(SC6H2Cl2S)4] 2. 
Following the same procedure as that described for compound 
1, but using an aqueous suspension (10 mL) of Ba(OH)2·8H2O (5 
wt%) instead, crystals of compound 
[Ba(OCMe2)6][Fe2(SC6H2Cl2S)4] 2 (130 mg, 32.4 % yield) were 
obtained upon crystallization of the solid residue by slow 
diffusion of n-Heptane into an acetone solution (1:1). Anal. 
Calcd. (Found) for C36H32BaCl8Fe2O4S8 (2-2OCMe2): C, 32.81 
(32.42); H, 2.45 (2.81); S, 19.47 (17.98). 
Synthesis of compound [Zn(DMF)6][Fe2(SC6H2Cl2S)4] 3. 
Following the same procedure as that described for compound 
1, but using an aqueous suspension (10 mL) of an aqueous 
suspension of Zn(OH)2 (5 wt%) instead, crystals of compound 
[Zn(DMF)6][Fe2(SC6H2Cl2S)4] 3 (240 mg, 30.1 % yield) were 
obtained upon extracting the solid residue in DMF and further 
crystallization by slow diffusion of CH2Cl2 into a DMF solution. 
Anal. Calcd. (Found) for C36H36Cl8Fe2N4O4S8Zn (3-2DMF): C, 
33.11, (32.74); H, 2.78, (2.91); N, 4.29, (4.22); S, 19.64, (18.95). 
Reaction of K2[Fe2(SC6H2Cl2S)4] with ZnCl2·6H2O. To a THF (10 
ml) solution of compound K2[Fe2(SC6H2Cl2S)4] prepared by a 
method previously reported by us16 from 100 mg of 
FeCl3·6H2O, a solution of ZnCl2·6H2O (44 mg, 0.19 mmol) in 2 
mL EtOH/H2O (1:1) was added. The mixture was stirred for 2 
days, filtered and the solvent removed. Then, the solid residue 
crystallized in THF/n-Heptane (1:1) at 5 0C yielded few crystals 
of a mixture of compounds 
[Fe(H2O)4(THF)2][Fe2(SC6H2Cl2S)4]·4THF 4 and {[K2(THF)8][Zn6(µ-
Cl)2(SC6H2Cl2S)4(µ-κO:κO′-SC6H2Cl(ClO2)S)2]}n 5. 
Reaction of K2[Fe2(SC6H2Cl2S)4] with NiCl2·6H2O. To a THF (10 
ml) solution of compound K2[Fe2(SC6H2Cl2S)4] prepared by a 
method previously reported by us16 from 100 mg of 
FeCl3·6H2O, a solution of NiCl2·6H2O (44 mg, 0.19 mmol) in 2 
mL EtOH/H2O (1:1) was added. The mixture was stirred for 1.5 

days, filtered and the solvent removed. Then, the solid residue 
was crystallized in THF/n-Heptane (1:2) yielding to suitable 
crystals for X-ray diffraction, confirming the formation of 
compound [Fe(H2O)2(THF)4][Ni(SC6H2Cl2S)2]2·4THF 6 (70 mg, 
23.8 % yield). Anal. Calcd. (Found) for C24H12Cl8FeNi2O2S8 (6-
8THF): C, 27.57 (27.24); H, 1.16, (1.16); S, 24.53 (24.03). 
Synthesis of the CP {[K2(µ-O(H)CH2Me)2][Fe2(SC6H4S)4]}n 7. 
Compound K2[Fe2(SC6H4S)4] was prepared following the 
method previously described.17 Then the residue was 
crystallized in EtOH/H2O (1:3) at 5 0C yielding to suitable 
crystals for X-ray diffraction of compound {[K2(µ-
O(H)CH2Me)2][Fe2(SC6H4S)4]}n 7 (87 mg, 37.5 % yield) Anal. 
Calcd. (Found) for C28H28Fe2K2O2S8 7: C, 39.90 (39.18); H, 3.35, 
(3.40); S, 30.43 (25.96). 

Conclusions 
In summary, the reactions carried out between HSC6H2Cl2SH, 
FeCl3·6H2O and divalent metal bases as deprotonating agents, 
lead to the isolation of ion-pair metal complexes or a neutral 
trinuclear compound but do not form CPs. These results 
suggest that under the reaction condition studied the 
dicationic entities MLn

2+ (M= Ca2+, Ba2+ or Zn2+) are not able to 
find an arrangement to bridge the dianionic [Fe2(SC6H2Cl2S)4]2- 
moieties as it happen in the similar reactions with alkali metals 
as counter cations.16, 17 
Then, we have searched the possibility to prepare polymers 
replacing the two potassium atoms in compound 
K2[Fe2(SC6H4S)4] by a divalent cation such Zn2+ or Ni2+. In this 
case the ion pair compounds 
[Fe(H2O)4(THF)2][Fe2(SC6H2Cl2S)4]·4THF and 
[Fe(H2O)2(THF)4][Ni(SC6H2Cl2S)2]2·4THF together with the CP 
{[K2(THF)8][Zn6(µ-Cl)2(SC6H2Cl2S)4(µ-κO:κO′-SC6H2Cl(ClO2)S)2]}n 
were isolated. It is remarkable that although the reaction was 
carried out under anaerobic conditions, two Cl-O bonds were 
formed in the CP with Zn(II) probably due to the presence of 
air into the organic solvents used in this synthesis. This fact is 
quite surprising considering that in the d10 metal dithiolene 
chemistry, oxidation of sulfur atoms to give sulfinate [M-
S(O)2R], sulfonate [M-S(O)R] or sulfonate [M-OS(O)2R] groups 
is quite common but never reported before for chloro-
dithiolene derivatives. 
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